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The 22q11 gene CRKL encodes an adapter protein consisting of one SH2 and two SH3 domains (39). Mouse models of 22q11 deletion (del22q11) syndrome, clinically known as DiGeorge syndrome, predict that a reduced gene dosage of CRKL significantly contributes to the pathogenesis of this contiguous gene syndrome (10, 11) . While the entire spectrum of the physiological functions that CRKL mediates during development is unclear, our previous studies indicated an involvement of CRKL protein in pathways induced by fibroblast growth factor 8 (FGF8) and cell-matrix adhesion (19, 24) .
FGF8 is required for many critical processes in vertebrate development (21) . The FGF8 splice isoform b (FGF8b) displays more potent biological activity than the a-isoform in vivo and is essential for normal vertebrate gastrulation and heart development (6, 9, 13) . Recent structural and functional studies indicate that FGF8b is a high-affinity ligand for the cisoform of FGFR1, FGFR2, and FGFR3, as well as FGFR4 (26, 44) . It has been a challenge to precisely map physiologically relevant interactions between ligand and receptor isoforms during pharyngeal development affected by del22q11 syndrome. Close correlation between phenotypes resulting from a deficiency of Fgf8 and mutations in Fgfr1 or Fgfr2, however, suggests that these receptors at least partly mediate Fgf8-induced signaling events in vivo (27, 28, 30, 33, 40, 43) .
A recent study of FGF receptor 1 (FGFR1) revealed a regulated sequence of autophosphorylation (7) . One of the tyrosine residues autophosphorylated at an early stage of receptor activation is Y463. This tyrosine residue when phosphorylated was initially reported as an SH2 domain binding site for CRK, a protein closely related to CRKL (18) . Previous studies suggest that CRK and CRKL SH2 domains may associate with a similar spectrum of tyrosine phosphorylated proteins (reviewed in reference 5). In contrast to this common view, however, we found that FGF8-stimulated FGFR1 and FGFR2 associate preferentially with the SH2 domain of CRKL rather than CRK (24) . In order to reconcile previous findings and to provide novel insight into the mechanism by which FGF8 exerts its functions through CRKL, we have taken advantage of both structural and functional approaches. We used molecular-dynamics (MD) simulations to explore potential interactions of the SH2 domain of CRK and CRKL with the autophosphorylation sites of FGFR1. As predicted by MD simulations, saturation binding experiments confirm specific binding between the CRKL SH2 domain and a phosphorylated Y463 peptide at an affinity more than 1 order of magnitude stronger than that of CRK. Furthermore, we demonstrate that FGF8 initiates a CRKLdependent pathway to activate the small G proteins Rac1 and Cdc42, as well as their effector PAK. This pathway is a feedforward loop that feeds into Raf1 and Mek1 downstream of Ras, whereas Ras is activated by FGF8 through a CRKL independent pathway. We show that disruption of CRKL abrogates the ability of FGF8 to sustain anchorage-independent growth. The unique ability of FGF receptors to recruit CRKL therefore bypasses the critical need for cell-matrix adhesion. Our findings importantly imply that CRKL-dependent pathways may permit cell migration or tissue remodeling upon activation of FGFR1 and/or FGFR2 by allowing the cell to leave the site where it has relied upon previously established stable cell-matrix adhesion without compromising function or survival.
MATERIALS AND METHODS
MD simulations. MD simulations were performed by updated software and hardware, while the methodology was described previously (37) . The nuclear magnetic resonance (NMR) structure of the full-length human CRK (isoform a; also known as CRK-II) in nonphosphorylated form, as well as that of a partial protein (residues 1 to 228 of isoform a) in phosphorylated form, was obtained from the RCSB Protein Data Bank (PDB ID ϭ 2EYZ and 2DVJ, respectively [http://www.rcsb.org/]) (15) . All MD simulations were performed by Amber8.0 on a system equipped with the RIKEN MDGRAPE-3 special purpose computer for MD simulations (38) . The all-atom point charge force field AMBER ff03 was chosen to represent the protein in the present study. All other parameters were used as described previously (37) . After 10-ns MD simulations, the average structures of the full-length CRK and CRKL were calculated based on snapshots every 10 ps between 7 and 10 ns.
Free energy calculation. To evaluate potential intramolecular interaction between the SH2 domain and phosphotyrosine containing sequences, we first modeled interaction between the structure of the SH2 domain obtained above and the amino acid sequence that includes a phosphotyrosine residue. The averaged structures of phosphorylated CRK and CRKL were obtained during the last 3 ns of MD simulations performed for a period of 10 ns and used as template structures. For simulation of the interaction between the SH2 domain to a pY peptide, the amino acid residues surrounding the pY221 or pY207 for CRK or CRKL in the structure obtained above were replaced with appropriate residues in pY peptide being tested (Table 1) , and the structure of the pY peptide is energy minimized with atom position fixing of the SH2 domain. These model structures were optimized by MD simulations for a period of 5 ns. The trajectories were recorded every 10 ps during the last 1 ns period (during ca. 4 to 5 ns). We then applied the molecular mechanics-Poisson-Boltzmann surface area (MM-PBSA) method to estimate the binding free energy as previously described (37) . The dielectric constants inside and outside the molecule were 4.0 and 80.0, respectively.
Peptides and recombinant protein synthesis. Peptides were purchased from GenScript or synthesized and purified by liquid chromatography-mass spectrometry. The purity of all peptides used was Ͼ95%. Peptides used in saturation binding experiments were labeled with biotin at the N terminus.
Recombinant glutathione S-transferase (GST) fusion proteins were induced with IPTG (isopropyl-␤-D-thiogalactopyranoside) in the Escherichia coli strain BL21(DE3) (for human CRKL or CRK SH2 domain) or DH5␣ (for Raf1-RBD or Pak1-RBD). After induction, bacterial cells were resuspended and sonicated in phosphate-buffered saline (PBS) containing 0.5 mM dithiothreitol, 10 g of lysozyme (Sigma)/ml, and protease inhibitor cocktail (Sigma). After Triton X-100 extract, bacterial lysate was cleared by centrifugation at 12,000 ϫ g for 10 min at 4°C. GST fusion proteins were coupled to glutathione-Sepharose 4B (GE Life Sciences) and used for pulldown experiments immediately. For saturation binding experiments, GST fusion proteins were purified using a glutathioneSepharose 4B column with elution buffer (10 mM reduced glutathione in 50 mM Tris [pH 8.0]) and dialyzed against conjugate buffer (0.1 M sodium carbonate [pH 9.3]). The purity of GST fusion proteins was confirmed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), followed by Coomassie blue staining. In order to remove GST from the SH2 domain, we used immobilized thrombin (Sigma) according to the manufacturer's protocol. Cleaved GST and undigested GST fusion proteins were removed by glutathione-Sepharose 4B columns. Since lyophilized proteins gave higher nonspecific backgrounds in our experiements, protein preparations were divided into aliquots and stored at Ϫ70°C.
Saturation binding assays. Saturation binding experiments were designed to estimate the affinity of interaction between the SH2 domain and immobilized peptide. The CRKL SH2 or CRK SH2 domain (with or without GST) was labeled using Cy3 monoreactive dye (protein array grade; GE Life Sciences) according to the manufacturer's protocol. Labeled proteins were separated from unincorporated dye and eluted in 20 mM HEPES (pH 7.4)-100 mM KCl using Sephadex G-25 columns (Illustra NAP-10; GE Life Sciences). The Cy3-labeled protein concentration was calculated from the A 280 by a predicted molecular extinction coefficient for each protein with Cy3 absorbance at 552 nm taken into account using the following formula: [Cy3-bound protein] (M) ϭ (A 280 -0.08A 552 )/ε, where the molar extinction coefficient of the protein is expressed as ε (M Ϫ cm Ϫ ). The dye-to-protein ratio was 0.8. For binding experiments, 96-well microtiter plates coated with streptavidin (Nunc Immobilizer) were used to immobilize 20 pmol of biotin-labeled peptide per well. Cy3-labeled GST-SH2 fusion proteins or cleaved SH2 domains were diluted at increasing concentrations in binding buffer (20 mM HEPES [pH 7.4] , 100 mM KCl, 0.1% Tween 20, 1% bovine serum albumin [BSA], 1 mM dithiothreitol) and then added to the plate. After 1 h of incubation, followed by three washes with binding buffer, the amount of bound protein was determined in a fluorescent plate reader (Perkin-Elmer VICTOR 2 ) using a Cy3-compatible excitation/emission filter set. Binding data were analyzed in the computer program Prism 5 (GraphPad Software) by global nonlinear regression for total and nonspecific binding data with the assumption of 1:1 binding. In experiments using GST-SH2 domains, the affinity was calculated by using half the total monomer concentration as the dimer concentration based on two assumptions: all GST fusion molecules are dimerized (assumption 1) and, at a sufficiently low density of immobilized peptide, one dimer binds to a single peptide to negate the possibility of avidity effects (assumption 2) (17). These assumptions seemed to hold true when we compared the dissociation constant (K D ) values obtained with GST fusion or thrombin-cleaved SH2 domains in our experimental conditions (data not shown). However, the values presented here are from experiments using thrombin-cleaved SH2 domains.
Cells, growth factors, and suspension culture. The mouse embryonic fibroblasts (MEFs) used in the present study have been described previously (19, 24) . Cells were maintained in Dulbecco modified Eagle medium (DMEM) supplemented with 10% bovine calf serum in 5% CO 2 in a humidified incubator at 37°C. Cells were starved for serum for 16 h and then harvested by trypsin-EDTA treatment, followed by the use of soybean trypsin inhibitor (Sigma). Cells were then suspended in serum-free DMEM (1.5 ϫ 10 7 cells in 30 ml) and plated onto a 150-mm plate coated with 1.2% agarose to keep them in suspension in a CO 2 incubator for 1 h prior to treatment with either mouse Fgf8b (R&D Systems) or For some experiments, PEP-1 (a 21-amino-acid peptide carrier) was used to deliver pYELP or control peptides into the cell (25) . The phosphorylated or control peptide was preincubated with PEP-1 for 30 min at a molar ratio of 1:20. The peptide mix was then added to the cell at the start of the suspension culture.
In some experiments, the 293 human embryonic kidney cells were used for transient expression of the wild type and FGFR1 Y463F mutant. Expression vectors of these FGFR1 are generous gifts from Moosa Mohammadi (2) . Transfection was carried out with Effectene (Qiagen) according to the manufacturer's protocol, using 0.5 g of DNA per 60-mm culture plate 24 h before serum starvation. Serum starvation, suspension culture, and Fgf8 stimulation were carried out as described above.
Coimmunoprecipitation, pulldown assays, and immunoblot analysis. Coimmunoprecipitation, pulldown assays, SDS-PAGE, and immunoblot analysis were performed as previously described (19, 24) . Rabbit polyclonal antiactin (C-11), anti-Cdc42 (P1), anti-CRKL (C-20), anti-DOCK180 (C-19), anti-FGFR1 (C-15), and anti-FGFR2 (C-17) antibodies, as well as antiphosphotyrosine monoclonal antibody (PY99), were purchased from Santa Cruz Biotechnology. Mouse monoclonal anti-phospho-Erk p44/42 (pTEpY) (E10), anti-Pak, anti-phospho-S338 Raf-1, rabbit polyclonal anti-Erk, anti-phospho-T423/403 Pak, and anti-Raf1 antibodies were obtained from Cell Signaling Technology. Mouse monoclonal anti-Ras, anti-Rac1, and anti-MEK were purchased from BD Transduction Laboratories. Rabbit polyclonal anti-phospho-S222 MEK1, anti-phospho-S298 polyclonal antibody were purchased from Invitrogen. Mouse monoclonal antip130
Cas (BD Biosciences), anti-CRKL (Upstate Biotechnology), and anti-FGFR1 (Zymed) antibodies were used for compatible combinations of antibody host species between immunoprecipitations and immunoblots.
In vitro kinase assays. Specific antibodies against Pak, Raf1, or Mek1 were added to cell lysate containing 0.5 mg of total proteins. The kinase-antibody complex was precipitated with protein A-agarose beads. Beads were washed once with lysis buffer, twice with PBS containing 2 mM sodium orthovanadate and 1% Triton X-100, once with 100 mM HEPES (pH 7.4), and once with kinase buffer (12.5 mM HEPES [pH 7.4], 12.5 mM ␤-glycerophosphate, 7.5 mM MgCl 2 , 0.5 mM EGTA, 0.5 mM NaF, 0.5 mM sodium orthovanadate). A total of 40 l of kinase buffer containing 4 g of bovine myelin basic protein (MBP; Sigma) and 4 Ci of [␥-
32 P]ATP as substrates were added, and the mixtures were incubated at 30°C for 15 min. Kinase reactions were terminated by the addition of an equal volume of 2ϫ Laemmli sample butter, and proteins were separated by SDS-PAGE. The gel was dried, and incorporation of radioactivity on to MBP was quantitated in a phosphorimager.
Colony-forming assays. To evaluate the ability of cells to grow without cellmatrix adhesion, cells were plated in soft low-melting-point agarose (SeaPlaque). A base layer was prepared with 1.4% agarose (2 ml per well in a six-well plate) in DMEM containing 10% fetal bovine serum with or without 10 ng of Fgf8/ml. Cells were suspended into 0.3% top agarose in DMEM plus serum with or without Fgf8 at a final density of 10 5 cells/ml of top agarose/well. At 14 days after plating, colonies were stained with ethidium bromide for 15 min at 37°C and photographed on a UV illuminator. Experiments were repeated four times, each time in triplicate. In some experiments, pYELP and carrier peptide PEP-1 were included in both base and top agarose.
RESULTS
MD simulations for the protein structure of CRK and CRKL. A previous study reported an NMR structure of the full-length nonphosphorylated CRK (CRK isoform a [also known as CRK-II]) and a partial structure (residue 1 to 228) of phosphorylated CRK (15) . The entire structure of CRKL has not been solved, while a crystal structure of the second SH3 domain has been reported (12) . In order to provide structural insight into the interaction between CRKL and the FGF receptor, we first calculated the three-dimensional structures of full-length CRK and CRKL in their nonphospholyrated and phosphorylated forms by MD using the NMR structure recently determined for nonphosphorylated and phosphorylated CRK as templates.
Over the course of MD simulations for 10 ns, the root mean square deviation of the whole protein, as well as that of each domain, stabilized, thus indicating that we have obtained stable structures for both CRK and CRKL (results not shown). The predicted structure of CRKL is in general agreement with features in the NMR structures of CRK in nonphosphorylated and phosphorylated forms (Fig. 1 ). Some structural differences between CRK and CRKL are notable in linker regions between the SH domains, as well as in the DE loop region (which exists only in CRK SH2 domain, not in CRKL), while the core structure of each domain and relative positions of domains are maintained ( Fig. 1 ; also see the supplemental material). The conformational change in the DE loop in relation to intramolecular association between pY221 and the CRK SH2 domain is consistent with previous reports (1a, 3) .
Simulated interactions of CRK/CRKL SH2 domains with FGFR1 autophosphorylation sites. The three-dimensional structures of CRK and CRKL in their phosphorylated forms obtained above have provided us with useful templates to further simulate interactions between the SH2 domain and its potential target sequences. Previous mapping studies identified seven autophosphorylation sites: Y463, Y583, Y585, Y653, Y654, Y730, and Y766 (22) . In order to predict the possible interaction of the CRK or CRKL SH2 domain with these autophosphorylation sites, we calculated the free energy (⌬G) A recent study demonstrated that autophosphorylation occurs precisely in the order of pY653, pY583, pY463, pY585, and pY654 before the receptor is fully activated, whereas phosphorylation at Y730 is not detected (7) . Autophosphorylation at Y730 may still occur at low stoichiometry as reported previously (22) . However, the crystal structure of the FGFR1 dimer (PDB identification, 1fgk) indicates that Y730 is hidden between two receptor monomers juxtaposed, while Y463 is easily accessible (23) . In addition, the local residues that surrounds Y463, but not Y730, is in agreement with the previously reported amino acid consensus for CRK and CRKL SH2 domain binding, YXXP (5). These observations suggest that it is more likely that pY463, rather than pY730, is a high-affinity binding site for the CRKL SH2 domain.
Simulated interactions of CRK/CRKL SH2 domains with the internal tyrosine phosphorylation site. The internal tyrosine residue Y221 in CRK becomes a binding site for the SH2 domain when phosphorylated (3, 15, 31) . Consistent with a similarity between the amino acid sequences surrounding Y221 in CRK and Y207 in CRKL, our MD simulations demonstrate that intramolecular interaction between pY207 and the SH2 domain is also possible (Fig. 1) . The ⌬G values calculated by the MM-PBSA method were Ϫ263 kcal/mol and Ϫ268 kcal/mol for CRK-pY221 versus CRKL-pY207 binding, respectively (Table 1) . Since these ⌬G values predict weaker interactions than that of phosphorylated Y463 in FGFR1 noted above, recruitment of CRKL to ligand-stimulated FGFR1 may still take place at a higher affinity even when the internal Y207 is phosphorylated.
Characterization of interactions of CRK/CRKL SH2 domains with FGFR1 pY463 in silico. Component analysis indicates that a major determinant of binding between pY463 sequence and the SH2 domain is electrostatic attraction (data not shown). In general agreement with phosphotyrosine-SH2 domain interactions, two arginine residues R21 and R39 in CRKL interact with phosphorylated Y463, while R20 and R38 in CRK have similar electrostatic interaction with pY463 ( Fig.  2A ; also see the supplemental material). We have noted that two arginine residues, R470 and R475, in the proximity of pY463 participate in peptide binding to the CRKL SH2 domain through their interaction with two negatively charged residues in the SH2 domain, D75 and E54, respectively (Fig.  2B) . In contrast, although R470 seems to interact with D110 in the CRK SH2 domain, the distance of this interaction is greater than that of the CRKL SH2 domain, thus electrostatic force is weaker ( Fig. 2B; Fig. 2C summarizes the distance between charged residues that interact).
We have also noted a hydrophobic pocket in the CRKL SH2 domain that fits two hydrophobic residues L465 and P466 in the pY463 peptide (Fig. 2C) . The position of this hydrophobic pocket seems to allow additional hydrophobic interactions between the aromatic ring of pY463 and V49, as well as between W471 and F87 (Fig. 2C) . Although the CRK SH2 domain has a similar hydrophobic pocket, it is smaller than that of CRKL, and the two hydrophobic residues L465 and P466 of the FGFR1 peptide do not fit to the hydrophobic surface of the CRK SH2 domain. Moreover, unlike the CRKL SH2 domain, the aromatic ring of pY463 or W471 does not appear to participate in hydrophobic attractions in the CRK SH2 domain. These qualitative and quantitative differences noted above in electrostatic and hydrophobic attractions at least partly explain the overall differences in calculated binding free energy of the pY463 sequence with CRKL SH2 versus that of CRK.
Physical interaction of CRKL and CRK SH2 domains with FGFR1 pY463 peptide. In order to provide evidence for physical interaction between the CRKL SH2 domain and pY463 predicted above, we conducted saturation binding experiments between the SH2 domain of CRK or CRKL and a synthetic 17-amino-acid peptide including pY463 at the ϩ5 position, GVSEpYELPEDPRWELPR (abbreviated as pYELP peptide). In our initial experiments, we used tetramethylrhodamine-labeled pYELP peptide to determine its affinity to immobilized GST-SH2 domains without success due partly to high nonspecific binding (not shown). We then used immobilized pYELP peptide on the surface and incubation with increasing concentrations of Cy3-labeled CRKL or CRK SH2 domain (Fig. 3) . We have conducted several experiments using GST fusion of these domains or SH2 domains after thrombin cleavage. While GST fusion proteins exist as dimers, it is assumed that each dimer binds to a single phosphopeptide when the density of immobilized peptide is sufficiently low (17) . Consistent with this assumption, removal of GST from SH2 domains did not affect the K D values in our experimental conditions (not shown). These results indicate that pY463 is a high-affinity binding site for the SH2 domain of CRKL, while the CRK SH2 domain exhibits more than an order of magnitude weaker affinity to the same phosphopeptide (Fig. 3A) . From five independent repeats of this experiment, we obtained mean (Ϯ the standard error) K D values of 0.235 (Ϯ 0.033) and 6.91 (Ϯ 1.13) M for the CRKL and CRK SH2 domains, respectively (repeat data not shown). As expected, the CRKL or CRK SH2 domain did not show specific binding to a control peptide without phosphorylation at Y463 (not shown).
MD simulations suggested that two arginine residues, R470/ 475, may provide additional electrostatic force for the association of the CRKL SH2 domain to autophosphorylated Y463 in FGFR1 (Fig. 2) . To validate this prediction, we compared the affinity of CRKL and CRK SH2 domains to a mutated pYELP peptide in which the two arginine residues, R470/475, were replaced with alanine residues (Fig. 3A) . (Structural information is available in the supplemental material.) (A) Electrostatic interaction between pY463 in the peptide sequence and two arginine residues in the SH2 domain. pY463 is shown in magenta. SH2 domains are shown in ribbon representations in green, except that two arginine residues interacting with the phosphotyrosine are shown in a stick model. The number shown between the two lines is the angle formed by the central carbon atom in the guanidinium group in the two arginine residues and the phosphorus atom in the phosphate group in pY463 to illustrate qualitative differences in the way that CRKL and CRK SH2 domains interact with the phosphotyrosine in the peptide. (B) Interaction of charged residues between the SH2 domain and FGFR1 peptide sequence. The SH2 domain of CRK and CRKL are colored in green in a ribbon representation. The backbone of the phosphorylated Y463 peptide sequence is shown in red. Charged residues in the peptide sequence and SH2 domain are shown in stick or space fill models, respectively. The phosphate group in pY463 is shown in red. Negatively and positively charged amino acids are shown in yellow or light blue, respectively. CAS is a scaffold protein that associates with both CRK and CRKL when phosphorylated (5) and has multiple YXXP motifs phosphorylated by SRC family tyrosine kinases (32, 34) . When the same SH2 domain preparations were used in the experiment shown in Fig. 3A , the pY287 peptide (PLL EVpYDVPPSVEKG) exhibited K D values of 2.08 and 1.20 M, and the pY362 peptide (AEDVpYDVPPPA) showed K D values of 1.64 and 0.713 M to the CRKL or CRK SH2 domain, respectively (Fig. 3B) . These results demonstrated that two phosphorylated p130 CAS peptides corresponding to Y287 and Y362 showed similar affinity values for both CRKL and CRK SH2 domains, thereby contrasting the high-affinity interaction of CRKL SH2 domain to pY463 in FGFR1.
Y463 is essential for the physical association of CRKL to FGF8-stimulated FGFR1. In order to provide further evidence that pY463 in FGFR1 is a binding site for the CRKL SH2 domain rather than CRK, we determined whether a mutant FGFR1 lacking Y463 could physically associate with CRKL in the cell. In this experiment, we transfected human embryonic kidney 293 cells transiently with expression vectors of FGFR1. When we transfected cells with high levels of FGFR1, cells detached from the plate either with wild-type or mutant FGFR1 even without Fgf8 stimulation (data not shown). Thus, we used half the dose of plasmid recommended in the manufacturer's transfection manual in our experiments. With this dosage, we observed comparable levels of Fgf8 induced an increase in the overall cellular phosphotyrosine either with wild-type or mutated FGFR1 (Fig. 4A) . Conveniently, 293 cells express little endogenous FGFR1 at levels difficult to detect in immunoblots and respond poorly to Fgf8b (Fig. 4A) . This cell line therefore seemed ideal for our experiments utilizing expression of exogenous FGFR1 which can be stimulated by Fgf8b. In addition, we minimized the effects of the adhesiondependent pathways that CRKL mediates by stimulating cells in suspension.
Using these conditions, we found that Y463F mutant receptor showed poor CRKL association after receptor stimulation with Fgf8b at a level comparable to that of the vector control, whereas CRKL was coimmunoprecipitated efficiently with wild-type FGFR1 (Fig. 4A) . Although both CRKL and CRK were easily detectable in 293 cell lysates, CRK did not seem to form a stable complex with FGFR1 with or without Y463F mutation (Fig. 4A) . Although we could detect CRK association with a longer exposure, consistent with a weaker affinity of the CRK SH2 domain with pY463 shown above, there was little difference between wild-type and Y463F mutant receptors (data not shown). These results are consistent with the highaffinity interaction between the CRKL SH2 domain and pYELP peptide. Interestingly, Fgf8-induced phosphorylation of ERK1 and ERK2 was also dependent on Y463 after Fgf8b stimulation (Fig. 4A) . While there is a relatively low level of response to Fgf8 in vector control, expression of the Y463F mutant may be inhibitory.
To provide further evidence that pY463 is important for association of CRKL to the receptor complex, we determined whether pYELP peptide could inhibit their association. In the first experiment, MEFs were starved for serum and stimulated (Fig. 4B ). In the second experiment, pYELP or control peptide was applied to MEFs in culture using the carrier peptide PEP-1 (25) before cells were stimulated with Fgf8b. The cell lysates were then prepared, and FGF receptors were immunoprecipitated. pYELP peptide blocked association of endogenous Crkl with Fgfr1 and Fgfr2 after Fgf8 stimulation in the cell (Fig. 4C ). These results demonstrate that pYELP peptide inhibits association of CRKL with FGFR1 and FGFR2 not only in vitro but also in live cells at relatively low concentrations. Fgf8 activates the small G-proteins Ras, Rac, and Cdc42 without adhesion. Crkl participates in not only FGF8-induced pathways but also cell adhesion-associated signaling pathways (19, 24) . We previously found that localization of Crkl to focal adhesions is sufficient to activate the small G proteins Rac1 and Cdc42, but not Ras. In order to minimize the effects of such adhesion-dependent pathways that CRKL mediates, we evaluated FGF8 or EGF-induced signals while MEFs are suspended in tissue culture medium (Fig. 5) . As expected, EGF activated Ras, while it had little effect on GTP-loading of Rac1 or Cdc42 without adhesion (Fig. 5A) . In contrast, Fgf8 efficiently stimulated GTP loading of not only Ras but also Rac1 and Cdc42. Fgf8-induced activation of Rac1 and Cdc42 was dependent on Crkl, while Ras was similarly activated in the presence or absence of Crkl in MEFs (Fig. 5B) . Dock1 (also known as Dock180) is a member of the CZH family of unconventional guanine nucleotide exchange factors for Rac and Cdc42 lacking the Dbl domain (reviewed in reference 20). We found that association of endogenous Dock1 with the receptor complex is dependent on Crkl in MEFs stimulated with Fgf8 (Fig. 5C) . Therefore, our results indicate that CRKL is essential for the assembly of signaling components immediately adjacent to Fgf8-stimulated Fgfr1, leading to activation of the small G proteins Rac1 and Cdc42. Crkl is required for optimal activity of the serine/threonine kinases Raf1 and Mek induced by Fgf8. Two classes of protein serine/threonine kinases, RAF (mitogen-activated protein [MAP] kinase kinase kinase) and MEK (MAP kinase kinase), lie directly downstream of the small G-protein RAS and form a pathway to activate the MAP kinases ERK1 and ERK2 (reviewed in reference 16). It has been shown that another class of serine/threonine kinases, PAKs, positively regulate RAF1 and MEK1 through adhesion-dependent phosphorylation at S338 and S298, respectively (4, 14, 35) . We therefore determined whether Fgf8 promotes the activity of Pak, Raf1, and Mek1 through Crkl, while cells are kept in suspension in order to dissociate the effect of cell-matrix adhesion from that of receptor-induced pathways. In these conditions, we found that Crkl is indeed required for optimal activity of these kinases when judged by in vitro kinase assays using MBP as an exogenous substrate (Fig. 6A) . The profile of kinase activity was also consistent with the phosphorylation status of these kinases as probed by phospho-specific antibodies (Fig. 6B) . We found that Fgf8-induced phosphorylation of Pak at T423/T402/ T421 (on Pak1, Pak2, and Pak3, respectively), as well as that of Raf1 and Mek1 at S338 and S298, respectively, is dependent on Crkl in the cell (Fig. 6B) . Since phosphorylation of these sites is necessary for full activation of these serine/threonine kinases, our result explains why Erk1/Erk2 are not fully activated without Crkl (Fig. 6B) , despite the fact that Fgf8 can induce comparable levels of GTP-loaded Ras in the presence or absence of Crkl (Fig. 6B) .
Consistent with the results from our analysis of Crkl-deficient MEFs, pYELP peptide efficiently inhibited Fgf8-induced GTP loading of Rac1 and Cdc42 in the cell without inhibitory effects on Fgf8-induced Ras activation (Fig. 7A) . pYELP peptide, but not YELP peptides, was also capable of inhibiting Fgf8-induced Erk activation in wild-type MEFs (Fig. 7B) .
Fgf8-induced anchorage-independent cell growth depends on Crkl. Our results presented above suggest that the unique ability of Crkl to mediate Fgf8-induced signals toward Rac1 and Cdc42 activation may be similar to what adhesion signals can provide to the cell. If so, Fgf8 may support anchorage independent cell growth in a manner dependent on Crkl. Indeed, we have found that Crkl Ϫ/Ϫ MEFs did not form colonies in soft agar in the presence of Fgf8, whereas wild-type MEFs and Crkl Ϫ/Ϫ MEFs with CRKL transgene expression formed a number of colonies (Fig. 7C) . Consistent with the results with Crkl-deficient MEFs, treatment of wild-type MEFs with pYELP peptide also inhibited Fgf8-induced anchorage-independent growth. These results demonstrate that Crkl plays a specific and essential role in mediating Fgf8-induced receptor signals that provide cells with the capacity to bypass the critical need for cell-matrix adhesion. 
DISCUSSION
It is an important challenge for biologists to understand the complexity of interactions that evolutionally, genetically, and structurally related proteins mediate with their upstream and downstream targets, particularly when such proteins coexist in the same cell. The 22q11 gene CRKL (CRK-like) is closely related to the 17p13 gene CRK. CRKL is broadly expressed with high levels in neural crest derivatives during mouse development (11) . Likewise, CRK is detectable in all tissues thus far examined (Mouse Genome Informatics [http://www .informatics.jax.org]). Despite largely overlapping expression patterns, experimental disruptions of the mouse homologue of either CRKL or CRK results in a homozygous lethal phenotype (11, 29) , indicating that the loss of either CRKL or CRK cannot be fully compensated for by the presence of the other gene. Although these observations do not directly contradict the widely accepted notion that these proteins have redundant functions, our previous study demonstrated a specific role for CRKL in FGF8 signaling in the pathogenesis of del22q11 syndrome in mouse models (24) . In the present study, we used a multiprong approach to shed light on the mechanisms of signaling specificity that CRKL can provide to FGF8-induced signaling cascades and cellular responses.
Interactions between CRKL SH2 domain and FGFR1 autophosphorylation sites. Using MD simulations, we demonstrated that the SH2 domain of CRKL has unique structural properties compared to that of CRK. These differences became noticeable when the SH2 domain was simulated to bind the amino acid sequence, including pY463. Predictions from these structures led us to further investigate differences between the SH2 domains of CRKL and CRK. The MM-PBSA method used in the present study has been tested extensively, although it tends to overestimate free energy compared to the affinity experimentally determined (reviewed in reference 8). Nonetheless, this method provides a reliable rank order within a given set of interactions (37) ; thus, these simulations have provided useful predictions for our purposes to identify likely binding sites for the SH2 domain of CRKL. While other methods are being developed to bring predicted values closer to experimental values, the applicability of such methods to a broader collection of molecules remains to be explored (41, 42) .
Despite general similarities between the three-dimensional structures of CRKL and CRK, we noted some features in the SH2 domains when they interact with the FGFR1 amino acid sequence surrounding phosphorylated Y463. Albeit similar, distinct distributions of charged or hydrophobic residues on the surface of the SH2 domain in CRKL and CRK contribute significantly to their binding specificities. It is noteworthy that such atomic attractions are mediated by not only the phosphotyrosine residue but additional residues outside of the core YXXP motif on the C-terminal side of the peptide sequence. Our biochemical data further confirmed influence from two arginine residues R470/475 for the affinity of protein-protein interaction (Fig. 3) .
One interesting prediction we can make from our observations is that due to a larger hydrophobic pocket, the CRKL SH2 domain may accommodate a residue with a larger hydro- phobic side chain at the ϩ2 position (relative to the phosphotyrosine) in addition to a proline residue at the ϩ3 position. In contrast, the CRK SH2 domain may prefer a sequence with a hydrophobic residue with a smaller side chain at this position. In this regard, it is noteworthy that p130 CAS (BCAR1) has 15 YXXP motifs in its substrate domain, many of which have a valine residue at the ϩ2 position. Although our saturation binding experiments indicate a moderate affinity of CRK and CRKL SH2 domains of ϳ1 M to two of these YXXP motifs, the tandem positioning of binding motifs in a single protein molecule likely generates switch like on-off overall binding pattern. Since the side chain of valine occupies a smaller space than that of leucine, it is plausible that YXVP motifs may be compatible with both CRKL and CRK SH2 domains, whereas YXLP motifs such as YELP in FGFR1 may be accommodated more preferentially by the CRKL SH2 domain. Future studies of CRK specific binding proteins, once identified, will provide a more precise structural basis for the selectivity of CRKL-and CRK-mediated pathways in the cell.
As predicted from MD simulations, pYELP peptide corresponding to phosphorylated Y463 offered a high-affinity binding site for CRKL SH2 domain (Fig. 3) . Furthermore, effective peptide concentrations found in other experiments correlate closely with our K D estimates (Fig. 4) . While these results are consistent with direct binding of the CRKL SH2 domain to the receptor through pY463, it remains possible that other proteins may also bind to phosphorylated Y463. The SH2 domain of NCK1/2 also prefers a proline residue at the ϩ3 position similar to CRK and CRKL SH2 domains (36) . However, endogenous Nck did not form stable association with Fgf8-stimulated Fgfr1 in MEFs, although Nck proteins were easily detectable in these cells (data not shown). In addition, our current results do not exclude the possibility that CRKL may associate with the receptor complex indirectly through other pY463 binding proteins. Either directly or indirectly, however, our results indicate that CRKL associates with FGFR1 through autophosphorylation at Y463 and that this residue and the presence of CRKL are essential for full activation of the MAP kinases ERK1 and ERK2 induced by Fgf8.
Essential role of CRKL in an FGF8-induced feed-forward loop. We have demonstrated in the present study that Crkl plays a unique role in a feed-forward loop for Fgf8-induced MAP kinase activation through Dock1, Rac1, and Cdc42 and then Pak (Fig. 8) . It has been shown that adhesion-dependent PAK activation is critical for RAF1 and MEK to mediate EGF-induced ERK activation (4, 35) . PAK phosphorylates RAF1 and MEK1 at S338 and S298, respectively, both of which are essential for the competence of these kinases to mediate the signal from Ras (14, 35) . Therefore, cell-matrix adhesion provides permissive conditions for the cell to respond to FIG. 7 . pYELP inhibits cellular responses to Fgf8. (A) pYELP peptide inhibits Fgf8-induced activation of Rac1 and Cdc42, but not Ras. A suspension culture of wild-type MEFs was pretreated with either pYELP or YELP peptide mixed with the carrier peptide PEP-1, and then cells were stimulated with 10 ng of Fgf8/ml for 10 min. Cell lysates were prepared, and pulldown assays were performed. (B) pYELP peptide inhibits Fgf8-induced Erk1/2 activation. Peptide and Fgf8 treatment was done as described above. Cell lysates were analyzed by immunoblots for phospho-Erk. (C) CRKL is essential for anchorage-independent cell growth induced by Fgf8. Colony-forming assays were performed using MEFs as described in Materials and Methods. Photographs of the colonies are shown.
VOL. 29, 2009 ROLE FOR CRKL IN FGF8 SIGNALING 3085 growth factors such as EGF. Our study has revealed that CRKL can provide similar permissive conditions for the cell stimulated by FGF8 without relying on cell-matrix adhesion. It is tempting to compare these pathways with a binary logic network in which tandem AND gates can regulate the output (Fig. 8) (1). These results provide insight into the mechanism of genetic interaction between Fgf8 and Crkl that we previously reported in mice (24) . Many other modifiers also contribute to regulation of the MAP kinases through this Raf1-Mek1 axis (reviewed in reference 16), although the effects of modifiers could be context dependent in different cell types and with different stimuli. We have found that Crkl is essential for Fgf8 to sustain growth and survival without cell adhesion. It might be interpreted that Fgf8 and Crkl may be important for morphogenetic processes such as cell migration, vascular sprouting/remodeling, and/or epithelial mesenchymal transformation. Previously, we showed that Crkl is also required for Fgf8-induced chemotaxis in culture, as well as expression of the ETS class of genes Pea3 and Erm in mouse embryos (24) . Crkl-dependent activation of small G proteins such as Rac1 and Cdc42 triggered by Fgf8 is likely to be important for cytoskeletal rearrangements and cell migration in addition to their contributions to the activation of the MAP kinases Erk1/2. These possibilities are consistent with increased numbers of apoptotic cells in pharyngeal epithelia, splanchnic mesoderm, and decreased neural crest cells observed in mouse embryos deficient for Crkl, particularly when combined with a reduced gene dosage of Fgf8 (24) . Future studies will address more precise tissue-specific and context-dependent functions of CRKL during development, as well as in the abnormal cell behavior of cancer cells. Quantitative analysis of protein interactions that CRKL and a related protein CRK provide to the cell will aid future endeavors. 
